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Abstract

Fly ash-based geopolymers have emerged as an eco-friendly alternative binder compared to conventional Portland cement for
soil stabilisation. However, the gap in the current literature is the lack of a comprehensive study regarding the geomechanical
behaviour of fly ash geopolymer-treated clay subjected to long-term sulfate attack, particularly in terms of potential ettringite
formation and the corresponding impact on cementitious soil structure. The goal of this paper is to address this knowledge gap
and provide a comprehensive study to fulfil it. In this work, sulfate attack was simulated by submerging geopolymer-treated
clay specimens in two distinct sulfate-based solutions (i.e., sodium and magnesium), for one year. Subsequently, comparative
analyses of the geomechanical and microstructural changes in geopolymer-treated clay under various curing conditions were
conducted through unconfined compressive strength, direct shear, volume change and microscopic tests. The findings indicate
that the addition of geopolymer for the stabilisation of clay soil significantly improves soil strength without affecting the soil
volumetric response. Although the clay used exhibited similar qualitative stress—strain behaviour across all simulated attacks,
notable quantitative differences emerged in the peak strength, stiffness and shear strength parameters. Such discrepancies
can primarily be attributed to the varying buffering capacities (i.e., pH changes associated with acidification) of the sulfate
solutions and the subsequent residual pH, cementitious product formation and strength enhancement within the treated clay.
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Introduction the soil or groundwater. The presence of clay in soils could
potentially amplify this issue because clay minerals pre-

Chemical treatment via deep mixing represents an effective  sent an additional source of alumina that can combine with

technique for ground improvement, which typically involves
mixing the soil with a binder (commonly Ordinary Portland
cement) and water to create a stabilised soil column with an
enhanced mechanical property [1-3]. However, the effec-
tiveness of this technique is often compromised, particularly
in coastal regions, due to the susceptibility of cement-treated
soils to sulfate attacks. Such attacks stimulate the formation
of extensive ettringite, resulting in soil structural decay [4,
5]. The formation of ettringite in cement-treated soils is a
consequence of the interaction between calcium and alumina
(byproducts of cement hydration) with sulfate present in

P4 Hayder H. Abdullah
hayderhasan.abdullah@curtin.edu.au

Mohamed A. Shahin
m.shahin @curtin.edu.au

School of Civil and Mechanical Engineering, Curtin
University, Perth, WA, Australia

sulfate due to the high alkalinity of hydrated cement. The
resultant volumetric changes of such soils could prompt the
swelling and severe cracking of the cementitious soil struc-
ture [6]. Consequently, recognising the deleterious implica-
tions of ettringite on cemented soils, sulfate-resistant cement
has been employed to stabilise soils under threat from sulfate
attacks. Yet, the continuous use of sulfate-resistant cement
might magnify the environmental consequences associated
with cement production, including heightened CO, emis-
sions [7], substantial energy consumption [8], raw material
depletion [7] and significant landscape deterioration [8, 9].
The above concerns underscore the need for innovative solu-
tions that can effectively stabilise sulfate-affected soils while
concurrently mitigating the environmental impact.
Geopolymer, an emerging chemical binder, presents a
promising solution for soil stabilisation [10-17]. This binder
is synthesized from high-aluminosilicate materials with
low calcium content (e.g., fly ash or metakaolin) which are

@ Springer


http://orcid.org/0000-0002-7667-6926
http://crossmark.crossref.org/dialog/?doi=10.1007/s40891-023-00493-4&domain=pdf

75 Page2of11

International Journal of Geosynthetics and Ground Engineering (2023) 9:75

subjected to activation using an alkaline solution. Fly ash is
preferable for geopolymer synthesis, given its availability
as a coal power plant by-product [18, 19]. The improve-
ment of the mechanical properties in treated soil utilizing
fly ash-based geopolymer, including strength and durability,
is credited to the formation of artificial bonds between soil
particles through geopolymerisation. This process entails
the following processes: (1) breakdown of aluminosili-
cate oxides present in fly ash by the high concentration of
hydroxyl ions (OH-) in the alkaline activator; (2) diffusion
of dissolved aluminium and silicon complexes; (3) gel for-
mation by the chemical condensation process that occurs
between the residual alkali cations, which could be sodium
(Na+) or potassium (K+), and the aluminium and silicon
complexes.; and (4) gel hardening among soil particles,
which ultimately enhancing soil properties. Sodium Alumin-
ium Silicate Hydrate (N-A—S—H) constitutes the primary
chemical structure of the final product of geopolymerisation.
To optimize the performance of geopolymer within treated
soil, calcium-containing additives (e.g., ground granulated
blast-furnace slag) are usually utilised to influence the for-
mation of auxiliary Calcium Aluminium Silicate Hydrate
C-A-S-H products to promote high mechanical properties
of soil when mixed with geopolymer at ambient temperature
[20, 21]. However, the presence of calcium in the geopol-
ymer-soil matrix might trigger ettringite formation when
sulfate is present, potentially undermining the mechanical
properties. Research focusing on the long-term effects (> 1
year) of sulfate attack on clay treated with fly ash-based geo-
polymer that incorporates blast-furnace slag is quite limited.
Most existing studies predominantly examine the effects of
sulfate on treated clay after brief curing periods of 7, 28, and
90 days, typically using a specific mix [12, 22, 23]. These
studies often place a greater focus on surface mixing rather
than deep mixing.

The present study seeks to explore the geomechanical
behaviour of fly ash-based geopolymer-treated clay incor-
porating slag when subjected to long-term sulfate attacks.
This was achieved by immersing 28-day cured treated kaolin
clay samples with fly ash-based geopolymer incorporating
slag in two different sulfate-rich solutions, as well as tap
water, for one year. The investigation focused on determin-
ing geomechanical properties such as stress—strain behav-
iour, peak strength and modulus of elasticity through uncon-
fined compression tests. Additionally, the friction angle (¢ ")
and cohesion (¢) of the stabilised clay were assessed using
direct shear tests. Furthermore, scanning electron micros-
copy (SEM) was employed to gain a deeper understanding of
the stabilisation processes and potential formation of ettrin-
gite in the clay treated with geopolymer. This study aims
to broaden our knowledge of how geopolymer-treated clay
responds to sulfate attacks, a crucial factor in encouraging its
broader application in the field of soil stabilisation.
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Materials and Methodology
Clay

Commercially available kaolin clay was used for this
study. The clay used was characterised by a plastic limit
(PL) of 27%, a liquid limit (LL) of 53% with 99% passing
the 75 um sieve and a clay fraction (< 2 um) of 79.4% (see
Table 1). The pH value and activity index of the clay used
were 7.8 and 0.33, respectively. The Australian Standards
were strictly adhered to during the execution of all tests.
This included the particle size distribution [24], Atter-
berg limits [25, 26], and pH tests [27]. The kaolin clay
employed was identified as high-plasticity (CH) clay as per
the Unified Soil Classification System (USCS).

Components of Geopolymer

The geopolymer utilised in this study consists of fly ash
and an alkaline activator. The used fly ash, classified as
Class F according to AS 3582.1 1998, was obtained from
the Gladstone Power Station. Its selection was influenced
by its rich aluminosilicate content and its proven track
record in geopolymer applications [7, 19]. Numerous
researchers have recommended the utilization of sodium
silicate (Na,SiO5) and sodium hydroxide (NaOH) as the
alkaline activator [13, 14, 16, 28, 29]. PQ Australia pro-
vided the sodium silicate solution, containing 14.7% Na,O
and a mass ratio (Si0,/Na,0) of 2. Sodium hydroxide pel-
lets were dissolved in deionised water, achieving a con-
centration of 14 molars. A weight ratio of 2.33 compris-
ing sodium silicate to sodium hydroxide was employed
to optimize the geopolymer reaction phase, following the
suggestion by Hardjito [19]. To improve the performance
of the used fly ash-based geopolymer at ambient tempera-
ture, ground granulated blast furnace slag (GGBFS), was
incorporated [20, 21]; this was obtained from Independent

Table 1 Properties and classification utilized clay

Property Value/
designa-
tion

Liquid limit, LL (%) 53

Plasticity index, PI (%) 26

Particles <75 um (%) 99

Particles <2 pm (%) 79.4

pH value 7.8

Soil classification (USCS) CH

USCS Unified soil classification system
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Table 2 Suppliers’ provided

i > Material Chemical composition (%)
chemical compositions of
utilized fly ash and slag Na,O MgO Fe,04 CaO Al,O4 K,0 SiO, SO, LOI
GGBFS 0.31 5.99 0.52 4545 12.25 0.38 29.96 3.62 2.39
Fly ash 0.77 1.45 12.48 4.30 25.56 0.70 51.11 0.24 0.57

LOI loss of ignitions

Cement & Lime Limited. Table 2 presents the chemical
compositions of the employed GGBFS and fly ash.

Soil-Geopolymer Admixtures and Specimen
Preparation

In this investigation, the mixing process was designed to
replicate the in-situ wet mixing technique employed in Deep
Soil Mixing (DSM) applications. Initially, water was com-
bined with dry clay to reach a liquid limit state, followed by
a curing period of at least 24 h in sealed containers. Subse-
quently, the clay was blended with 10% and 20% by weight
of a pre-prepared geopolymer mix containing a slag/fly ash
ratio of 20% by weight, based on research conducted by
Abdullah, et al. [30] that aimed to enhance short-term geo-
polymer hardening under ambient curing conditions for sta-
bilising kaolin clay. The concentration of the liquid activator
was kept constant with a ratio of [activator/(fly ash + slag)]
of 1.0 to maximise the reaction [10]. It’s important to note
that the percentages of 10% and 20% for geopolymer con-
tents represent the ratio of dry additive to the total weight of
dry clay before activation.

After the mixing process, the treated clay was
remoulded using a split cylindrical PVC mould, measuring
50mm in diameter and 100mm in height. This was done to
achieve a diameter-to-height aspect ratio of 1:2, typically
needed for UCS testing. Additional sets of specimens with
(60 x 60 %30 mm) size were also prepared to comply with
the requirements of direct shear tests. Direct tapping was
employed on the mould sides to manage entrapped air in

Fig. 1 Geopolymer-treated clay
specimens

all specimens; micro air voids were unavoidable due to
workability and related viscosity of mixtures considering
the designated activator and water content at the liquid
limit state (see Fig. 1). To prevent any interference caused
by the hardening of the stabiliser, attention was given to
ensure the sampling process was finished within 30 min
post-mixing.

Sulfate Attack and Curing

Initially, all samples underwent a curing process for 28 days
at 60% humidity and temperatures ranging from 18 to 22
°C. Following this, they were subjected to additional cur-
ing under sulfate attack for a period of up to 365 days. The
sulfate attack in geopolymer-treated used clay was simu-
lated by submerging the initially cured specimens in sulfate-
rich solutions of 50 g/L concentration [31] for 90 days and
365 days. In this study, two different types of sulfate, i.e.,
sodium sulfate (Na,SO,) and magnesium sulfate (MgSO,),
were used to allow studying the effect of different sulfate
types on treated clay, as suggested by many researchers e.g.,
[5, 32-34]. Care was taken to replace sodium and magne-
sium sulfate solutions every 60 days to ensure a constant
concentration of sulfate during the designated sulfate attack
period. An additional set of specimens were also submerged
in water for 90 days and 365 days. These samples were tested
for comparison with the geopolymer-stabilized samples
subjected to sulfate attack. Different curing regimes of the
geopolymer-treated clay used are provided in Table 3.

@ Springer
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Table 3 Details of samples used under different curing regimes

Geo- Curing regime (days)

polymer — - - -

(%) Initial curing Sodium Magnesium  Water
(ambient tempera- sulfate solu- sulfate solu-
ture18-22 °C) tion tion

10 28 90 90 90

365 365 365

20 28 90 90 90

365 365 365
Tests Conducted

UCS tests were performed to investigate the compressive
strength of treated clay samples under different curing con-
ditions, as outlined in Table 3. The experiments were con-
ducted in compliance with the AS 5101.4 Australian Stand-
ards [35], utilizing a strain rate of 1% per minute. Tests were
performed on cylindrical samples after 90 days and 365 days
of curing. During each interval, two samples were exam-
ined, and the average outcome was considered. In instances
where the UCS values deviated significantly (>20%), a third
specimen was conducted for accuracy and the outlier was
dismissed.

Direct shear tests were utilized to gain an understand-
ing of the shear strength of treated clay under varying cur-
ing conditions. Treated specimens, with dimensions of (60
mm X 60 mm X 30 mm), were first subjected to sulfate attacks
for 365 days before applying the test conditions following
AS 1289.6.2.2 [36]. Normal stresses of 20 kPa, 40 kPa and
80 kPa, simulating average field effective stresses for shal-
low soil elements, were applied on specimens and then
sheared along a pre-determined horizontal plane between the
two halves of the shear box at a fixed displacement rate of
0.5mm/min. A minimum of three specimens for the selected
mixture/curing period were tested to enable the prediction
of the Mohr-Coloumb failure envelope and determination of
the geomechanical properties, friction angle (¢”) and cohe-
sion (¢).

Dimensions of the cured cylindrical specimens were
monitored after the conclusion of the maximum designated
curing period (i.e., 365 days) to determine the total volume
change within treated specimens. To accurately determine
the volume change of the treated clay before and after
immersion, the average volume change of two specimens
was taken. Before treatment, Scanning Electron Microscopy
(SEM) was utilised for analysing the microstructure of the
soil, while post-treatment observations using SEM aimed at
identifying binder-induced alterations and sulfate-induced
deterioration. This process was conducted by employing
MIRA3 XMU, a fully PC-controlled apparatus.

@ Springer

Results and Discussions
UCS Stress—-Strain Performance

Figure 2 presents the UCS test results for clay treated with
10% and 20% geopolymer, which was cured for durations
of 90 days and 365 days. The different curing conditions
include water, sodium sulfate, and magnesium sulfate solu-
tions. Regardless of the curing process used, it was observed
that geopolymer-treated clay with 10% geopolymer content
that was cured for 90 days (shown in Fig. 2a) demonstrated
a predominantly brittle yield stress—strain response. This
involved the stress reaching a maximum value before failure,
a contrast to the untreated clay at its liquid limit state, which
exhibited zero stress—strain response. At 365 days of cur-
ing, the 10% geopolymer addition showed an increase in the
peak UCS value and a further reduction in the corresponding
strain, indicating a higher brittle stress—strain response with
the increase in curing time. Similar qualitative behaviour
was also observed for the 20% geopolymer addition with a
more prominent brittle response (Fig. 2b) and for both cur-
ing times of 90 days and 365 days.

The quantitative improvement in the peak UCS and stift-
ness, represented by the secant modulus of elasticity at 50%
maximum stress (Es), along with a pictorial representation
of the brittle failure mode of treated specimens are pre-
sented in Figs. 3, 4, 5. In all cases, the enhanced strength
response of the treated clay for different curing conditions
can be ascribed to the formation of the artificial cementa-
tion (N—A—-S—H) products within the clay and the associated
enhancement in clay structure due to geopolymer addition,
as explained by Phummiphan et al. [13]. As the geopolymer
content increases, the modified structure of the treated clay
yields a higher quantity of artificial cementitious products.
Consequently, there is a significant enhancement in the
strength performance of the specimens [13, 37-39]. More-
over, the increase in curing time for a specific geopolymer
content allowed more time for the geopolymerisation reac-
tion to produce more cementitious products and enhance the
stress—strain response of the stabilised clay. The increase
in curing time gradually reduced the rates of strength gain
and stiffness in geopolymer-treated clay, irrespective of the
specific geopolymer content, indicating the rates were not
constant. This can be detected from the variation of the peak
UCS and Ej5,, with the curing time (see Figs. 3 and 4). The
decrease in the improvement of the mentioned soil proper-
ties over time can be linked to the gradual deceleration of the
geopolymerisation reaction. This slowdown is a result of the
depletion of various elements in the reaction environment
throughout the curing process. However, the quantitative
influence of geopolymer addition at different curing times
is unique for each curing method. Figure 3 demonstrates that
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Fig.2 Typical stress—strain response of geopolymer-treated kaolin clay cured with water and sulfate solutions and over different curing durations

of 90 and 365 days: a 10% geopolymer; and b 20% geopolymer

the peak UCS of specimens cured in water increased by 260
kPa and 352 kPa after 90 days and 365 days, respectively,
with the addition of 10% geopolymer. Meanwhile, curing in
sodium sulfate and magnesium sulfate solutions enhanced
the strength by 212 kPa and 227 kPa at 90 days, and 280 kPa
and 343 kPa at 365 days for the same geopolymer content.
The variable impact of the curing process on the peak UCS
of geopolymer-treated clay remained consistent for the 20%
geopolymer composition, across both 90-day and 365-day
curing durations. The difference in the UCS peak response
to geopolymer treatment between different curing condi-
tions is also evident from the quantitative change in stiff-
ness (i.e., Esy), as depicted in Fig. 4. The findings suggest
that specimens treated with geopolymer and cured in sulfate
solutions demonstrated lower strength response compared to
those cured in water. This might be explained by the possible
formation of expansive ettringite within geopolymer-treated
clay and its negative impact on soil structure [12, 22, 40].
Figures 3 and 4 also indicate that specimens cured in
magnesium sulfate solutions exhibit the least reaction to geo-
polymer treatment when compared to those cured in sodium

sulfate solution and water alone. This result confirms the
negative role of specific types of sulfates on the effectiveness
of clay stabilisation with fly ash-based geopolymer incor-
porating slag. The findings resemble those described by Yi
et al. [23], which were reportedly associated with swelling
and cracking resulting from inconsistent formation of ettrin-
gite in treated clay samples cured for 90 days at different
sulfate solutions. However, the varying effects of different
sulfate solutions on geopolymer stabilisation may not only
impact the creation of ettringite within treated clay but could
also potentially alter the pH value of the curing solution
and the residual pH of the treated clay samples necessary to
maintain geopolymerisation reaction. The possible effect of
the mentioned factors will be investigated later in this work.

Shear Strength Performance—Direct Shear Test
The peak failure envelopes for 10% geopolymer content
cured for 90 days and 365 days in tap water, sodium sul-

fate solution, and magnesium sulfate solution are depicted
in Fig. 6. These results correspond to the various normal
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stresses (i.e., 20 kPa, 40 kPa, and 80 kPa) utilized in the
direct shear tests. It is important to mention that the mechan-
ical properties of 20% geopolymer-treated clay could not be
examined due to its strength exceeding the capacity of the
direct shear machine and thus was excluded.

Regardless of the duration of curing, a linear failure enve-
lope can represent the peak shear strength of clay treated
with 10% geopolymer in the 6,—7 “space under varying cur-
ing conditions, as shown in Fig. 6. The capability of geo-
polymer treatment underwater immersion to shift the stress
states beyond the failure envelope of untreated clay mixed at
the liquid limit state, which is a zero-strength state, is clearly
visible. This consistently results in a failure envelope for
geopolymer treatment that surpasses that of untreated clay.
When the curing time for the 10% treated clay is extended
from 90 to 365 days, both the gradient and c,—axis inter-
cept values of the envelope exhibit a rise. This suggests that
the effective shear strength parameters, namely effective
cohesion (c) and friction angle (¢), also increase for the
treated clay, as illustrated in Fig. 7. The enhancement in the
effective cohesion of the treated clay can be attributed to
the augmented cementation that results from the continu-
ing geopolymerisation process. This bears a resemblance
to the effect of curing time on the UCS performance men-
tioned previously. Likewise, the enhanced effective friction
angle in these specimens is attributable to the presence of
sizeable particles generated by the clay’s bonded clusters
after stabilisation [41]. However, the superimposition of
o,—7 slopes in Fig. 6 and the corresponding effective shear
strength parameters (Fig. 7) significantly demonstrate the
impact of sulfate on the stress failure envelope response of
geopolymer-treated clay. Particularly, curing in magnesium
sulfate solution shows the lowest strength response to the
treatment with geopolymer, where increases for 10% geo-
polymer specimens were only 0.81 and 0.74 folds for ¢ and
¢, respectively, compared to the values obtained for curing
in tap water at 365 days of curing.

Volumetric Changes

The volumetric changes in the geopolymer-treated clay
specimens were examined, with findings illustrated in
Table 4, corresponding to various curing techniques such
as water, sulfate, and magnesium solutions. Irrespective
of the curing method, the 10% and 20% geopolymer
specimens displayed substantial resistance to the volu-
metric changes throughout the long-term curing period
of 365 days. As can be seen in Table 4, specimens that
underwent curing in sodium sulfate solution demonstrated
the poorest performance, marked by the most significant
changes. However, the overall maximum volumetric vari-
ation was negligible, falling below 1.2% for specimens
with 10% geopolymer content and 0.8% for those with
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Fig.5 Typical influence of geo-
polymer addition on Unconfined
Compressive Strength (UCS)
failure mode of clay treated
with a 20% geopolymer content,
and cured for a year under
different conditions: a water; b
sodium sulfate solution; and ¢
magnesium sulfate solution
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Fig.6 Peak shear failure envelops corresponding to 20, 40, and
80 kPa normal stresses for kaolin clay stabilised with 10% geopoly-
mer content and cured for 90 and 365 days in water, sodium sulfate
solution and magnesium sulfate solution

20% geopolymer content. As noted by Pedarla, et al. [42],
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Table 4 Volumetric changes for geopolymer-treated specimens sub-
jected to sulfate attack at 365 days of curing

Curing liquid Volumetric change (%)
10% Geopolymer 20%
Geopol-
ymer
Water 0.90 0.50
Sodium sulfate 1.20 0.80
Magnesium sulfate 0.98 0.70

insignificant stable volumetric performance of treated
specimens subjected to sulfate curing indicates no sig-
nificant formation of any expansive products within the
treated soil particles indicating no formation of ettringite
and this will be confirmed below by the microstructural
analysis.

Fig.8 SEM images of untreated
and geopolymer-treated clay
cured for 365 days: a untreated
clay; b submerged in water; ¢
submerged in sodium sulfate
solution; and d submerged in
magnesium sulfate solution

.0 kV WD: 24.17 mm
Det: LVSTD
BI: 14.00

View field: 138 ym | 20 pm
SM: RESOLUTION |

Plate-like
| clay particles

hnf

Microstructure of Treated Kaolin Clay

The SEM images of both untreated and 20% geopolymer-
treated clay, which were fully submerged in water, sodium
sulfate, and magnesium sulfate solutions for 365 days, are
presented in Fig. 8. In Fig. 8a, the unsoaked kaolin clay’s
microstructure primarily comprises plate-like particles
with a significant degree of micro-porosity. Compared to
untreated clay, the geopolymer-treated soil particles sub-
merged in different liquids (Fig. 8b—d) are tightly packed
and encapsulated by the N-A-S—H products; no expan-
sive products were detected within the treated soil parti-
cles indicating no formation of ettringite. Such observation
contradicts the findings shown by Yi et al. [23], where the
formation of ettringite was detected in geopolymer-treated
clay submerged in sulfate solution. However, the degree of
packing of soil particles within treated clay specimens seems
to vary with the change of curing solution and it seems to
be minimised for specimens cured in the magnesium sulfate

Partially reacted fly-
ash particle

(b)
Cementitious
products

— s
MIRA3 TESCAN MIRA3 TESCAN

Curtin University Curtin University

Partially reacted fly- z
ash particle . 8 55
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solution (Fig. 8c). Such observation confirms a direct impact
of the type of curing solution on the geopolymerisation
process and precipitation of the N—A—S—H products within
treated soil particles. Such impact might be explained by
the effect of curing solution type on the residual pH value
required to maintain the reaction rate within treated clay
along the curing period. It has been found in the literature
that a minimum pH value of 12 is necessary to maintain the
geopolymerisation reaction in treated clays [43]. The high
level of pH induced by the activator within the geopolymer
seems to reduce at different rates using different curing solu-
tions. Such variable impact on the pH of the stabilised clay
can be justified by the differences in buffering capacity of
different curing solutions, including water and their distinct
abilities to absorb, retain and release ions, such as hydrox-
ide (OH-) ions. Sodium sulfate (Na,SO,) and magnesium
sulfate (MgSO,) are considered neutral salts since they are
formed by the reaction between a strong acid (H,SO,) and a
strong base (NaOH) or moderately strong base (Mg(OH),).
Under normal conditions, neutral salts do not alter the pH
of a solution significantly. As such, their aqueous solutions
are expected to have a pH value near 7, which is considered
neutral. However, due to the higher charge of magnesium
ion (Mg?") compared to the sodium ion (Na™), there might
be a slight difference in their pH values. The magnesium
ion (Mg?*) can slightly hydrolyze water molecules, form-
ing Mg(OH), and thus releasing H* ions into the solution,
slightly decreasing the pH value. Consequently, the pH of
both sodium sulfate and magnesium sulfate solutions at 50
g/l concentration will be near 7, with the magnesium sulfate
solution potentially having a slightly lower pH due to neg-
ligible hydrolysis. To investigate the effect of different sul-
fates on geopolymer treatment, the residual pH level of 20%
geopolymer specimens cured in differing liquids was exam-
ined after 365 days of curing. For specimens cured in tap
water, the pH value was 11.2, whereas, for sodium sulfate
and magnesium sulfate solutions at a selected concentration
of 50 g/l used in this study, the pH values of specimens show
residual values of 10.6 and 10.1, respectively. The differ-
ent sulfate solutions seem to partially impact the pH within
the treated clay specimens at different rates causing variable
performance of geopolymer within treated soil compared to
controlled specimens cured in water only.

Conclusions

This study examined the mechanical performance of a spe-
cific geopolymer mixture for stabilising clay soils in deep
mix applications subjected to long-term sulfate attack. Vari-
ous experimental tests, including unconfined compressive
strength, direct shear test, volume changes and microstruc-
tural analysis, were carried out on kaolin clay treated with

geopolymer cured with sodium sulfate, magnesium sulfate
and tap water for one year. The key findings of the study are
encapsulated in the following points:

e The compressive strength of the treated clay was pro-
foundly influenced by the geopolymer content and curing
time. Both variables contributed to an increase in yield
strength, stiffness, cohesion, and angle of internal fric-
tion.

e It was interestingly noted that the presence or type of
sulfate did not notably influence the volumetric changes
of the geopolymer-treated clay. This finding points to an
absence of expansive product formation, which was cor-
roborated by the scanning electron microscope (SEM)
analysis.

e All clay soil specimens displayed an improvement in
strength when subjected to curing in both sulfate solu-
tions and tap water, however, the magnitude of this
improvement varied significantly.

e The type of sulfate was identified as a crucial factor in
determining the strength characteristics of geopolymer-
treated clay. Specimens attacked by magnesium sulfate
showed a lower stress—strain response when compared to
those cured in sodium sulfate solution and tap water.

e The variation between sulfate types was primarily
ascribed to the differences in buffering capacity, ion
absorption, and residual pH value within the specimens.

In conclusion, the study findings indicate that fly ash-
based geopolymer is an effective binder for clay stabilisa-
tion in deep mix applications, specifically those subjected
to sulfate attack. However, there is still a compelling need
for additional studies on geopolymers sourced from diverse
materials, including waste and industrial byproducts, with
the intent of stabilising sulfate-rich natural soils. Such pro-
spective investigation may pave the way for the creation of
cost-efficient solutions, specifically tailored for soils rich in
sulfate.
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